The alcohol dehydrogenase (Adh) region from five planitibia subgroup species of Hawaiian picture-wing DrosophiZa has been cloned. A total of 15 kb of DNA in and around the Adh gene has been compared among the five species. Genetic distances were calculated to determine evolutionary relationships. These distances agree with previous distances determined by protein polymorphism and DNA hybridization techniques and can be interpreted in terms of specific island colonization and speciation ( founder ) events over the past 5 Myr. Examination of the restriction maps of the cloned Adh region from the five species shows many instances of small deletions, insertion of a transposable element in D. heteroneura, and the existence of a highly variable region on the 3' side of the Adh gene. Clustering relationships and rates of DNA change are calculated and compared with the relationship found for other species of Drosophila.
Introduction
It is estimated that more than one quarter of the drosophilid species known to exist are found in the Hawaiian Islands. The picture-winged Drosophila comprises a group of more than 100 of the known 400 Hawaiian Island Drosophila species. Much information concerning the relationships of the Hawaiian Drosophila comes from the unique geographical and geological aspects of the island chain. The high Hawaiian islands are well isolated from any large continent and geologically are young, their ages ranging from 4.4-5.1 Myr for Kauai in the northwest to the volcanically active island of Hawaii in the southeast, whose oldest lava flows are <0.4 Myr old (McDougall 1979) . The evolutionary relationships of the Hawaiian Drosophila have been examined by a variety of methodologies including polytene chromosome inversions, protein polymorphism, morphology, geographical distribution, ethology, and ecology (Carson and Kaneshiro 1976; Carson and Yoon 1982) . These studies have been supplemented with mating behavioral studies (Kaneshiro 1976; Aheam 1980; Spiess and Carson 198 1) for some of the species groups, and recently DNA studies have yielded additional data (Hunt et al. 198 1; Hunt and Carson 1983; Hunt et al., accepted) . The similarities and differences observable at all levels in these species must be examined before such prolific speciation events may be understood.
The DNA divergence in five species of the Hawaiian Drosophila has been mea-4 16 Bishop and Hunt sured by total single-copy DNA hybridization and melting-temperature analysis (Hunt et al. 198 1; Hunt and Carson 1983) . These five species have been placed in the planitibia subgroup of the Hawaiian Drosophila (Carson and Yoon 1982) . Four of the five species in this study are very closely related as shown by chromosomal, ethological, morphological, and allozyme studies. Drosophila dz&-ens is found only in the rain forests of Molokai (island age -1.9 Myr [McDougall 1979]) , and D. planitibia is found only on Maui (island age 0.9-1.3 Myr). Drosophila heteroneura and D. sizvestris are found only on the island of Hawaii (island age 0.4 Myr) and are sympatric over portions of their habitats. The four species are homosequential in polytene chromosome-banding patterns and have indistinguishable metaphase chromosome groups (Chang and Carson 1985) . Although D. dzfirens and D. planitibia are monomorphic with respect to their polytene chromosome-banding patterns, D. heteroneura and D. silvestris share a unique polymorphic inversion of chromosome 3 (the 3m inversion; see Carson and Yoon 1982 ) . Drosophila silvestris has an additional 10 polymorphic inversions not found in the other three species. These four species share the fixed Xt inversion of the X chromosome which is not found in any of the approximately 100 other species of the picture-winged Drosophila so far examined. The fifth member of the species subgroup used in this study, D. picticornis, is found only on Kauai (island age 4.4-5.1 Myr ) and is separated from the other four species by 18 fixed chromosome inversions.
The alcohol dehydrogenase ( Adh) gene region in various Drosophila species has been studied by restriction-enzyme mapping (Langley et al. 198 1) , by DNA hybridization (Zweibel et al. 1982) , and by DNA sequence analysis both within (Kreitman 1983 ) and between species (Bodmer and Ashburner 1984) . Restriction-enzyme analysis has also been used extensively in mitochondrial DNA analysis in mammals (Ferris et al. 198 1) and in Hawaiian Drosophila , and its use in phylogenetic determination has been discussed by Templeton ( 1983) and Nei and Tajima ( 1985 ) . In the present paper we present data from restriction-enzyme mapping of the Adh region of five species of Hawaiian Drosophila. The distances calculated from these data are compared with those obtained by other methods and are then related to proposed of the species. phylogenies of these species and to the estimated time of divergence
Material and Methods

Strains of Flies, Bacteriophage, and E. coli
The Drosophila silvestris, D. heteroneura, and D. d$erens stocks were isofemale lines raised from single gravid females caught in the wild. The D. planitibia stock was from several females reared from the same Clermontia branch and mated with three males from the same source. The D. picticornis stock was from seven flies from the same location (Hunt et al. 1984) . In all cases DNA was extracted from adults raised from these stocks, which would be expected to contain a minimum of four different genomes in the isofemale lines, up to a maximum of 20 in the "mass''-reared stocks.
Cloning in plasmids used pBR322 in E. coli HB 10 1. Cloning in bacteriophage used bacteriophage h charon 4 in E. coli KH802. All recombinant DNA experiments were performed under P 1 EK 1 conditions as recommended by the National Institutes of Health guidelines.
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Genomic Libraries A D. heteroneura genomic library was constructed by methods developed by Maniatis et al. ( 1978 ) . High-molecular-weight DNA prepared by the method of Blin and Stafford (1976) , using whole adult flies frozen in liquid nitrogen, was partially cleaved by Hue111 and AZuI restriction enzymes. Fragments of lo-30 kbp were isolated by sucrose gradient centrifugation, and the DNA was methylated at EcoRI sites using EcoRI methylase. EcoRI linkers were ligated to the DNA and cleaved with EcoRI, and the DNA with linkers was ligated into EcoRI-cleaved bacteriophage h charon 4 vector arms (Blattner et al. 1977) . The DNA was packaged in vitro to produce infectious phage particles ( Sternberg et al. 1977) . The resulting 500,000 phage were amplified on plates (Maniatis et al. 1978 ) .
Genomic DNA from each of the species D. silvestris, D. planitibia, D. dzfirens, and D. picticornis was used to prepare partial EcoRI genomic libraries. Fragments of 15-25 kb were pooled, ligated into vector bacteriophage h charon 4 arms, packaged in vitro, and amplified as described for the D. heteroneura library.
Subcloning
Restriction fragments from HindIII, EcoRI, and SalI digests of DNA from D. heteroneura bacteriophage h charon 4 cloned DNA were isolated from agarose gels and subcloned into pBR322 in E. coli HBlOl. The identification, used in figure 1, is as follows: pH (for plasmid from D. heteroneura) is followed by the size (in kb) of the fragment, and a final letter identifies the enzyme used to generate the fragment; E = EcoRI; H = HindIII; and S = SalI. The fragments subcloned are shown below figure lb.
Screening of Libraries
The D. melanogaster Adh clone, sAC1 (Goldberg 1980) ) was made available by Dr. D. Goldberg. This plasmid was labeled with 32P dCTP ( 400 Ci / mmol; Amersham ) by nick-translation (Rigby et al. 1977 ) to l-5 X lo7 cpm/ yg and used to screen the amplified D. heteroneura library by the methods of Maniatis et al. ( 1978) . Filter replicas of 50,000 bacteriophage were screened at lowered stringency. The hybridizations and washes were conducted according to the method of Maniatis et al. (1978) , except that the temperature of the hybridization and washes was lowered to 55 C.
The partial EcoRI libraries of each of the four species were screened with subcloned pH2.3H and pH2.5H ( fig. 1 ) derived from the D. heteroneura Adh region. Filter replicas were prepared and screened as described above, except that the hybridization was done in 50% formamide, 10% dextran sulfate, and 5 X SSC (0.75 M NaCl, 0.075 M Na citrate [ pH 7.01) at 45 C according to a method described by Wahl et al. (1979) .
Restriction Mapping of Cloned DNA and Genomic DNA The restriction maps of the bacteriophage molecular recombinants were made by digestion with the enzymes EcoRI, SalI, HindIII, and PstI both singly and in all pairwise combinations. The known sizes of the restriction fragments of the two bacteriophage h arms were used to orient the ends of the inserts. In this way the overlapping fragments were used to construct the maps. Where ambiguities still existed, restrictionenzyme fragments of the D. heteroneura molecular recombinants were subcloned into PIG. 1 .-Restriction-enzyme maps of cloned DNA from five species of Hawaiian Drosophila. Except for the two D. heteroneuru clones, which were produced by partial Hue111 and Mu1 digestion, all of the clones were produced by partial EcoRI digestion. The Adh coding regions are marked by the black boxes in (a) the 1.6-kb EcoRI fragment, which hybridizes with the D. melanoguster Adh clone sAc1. The areas 2.1, 2.5, 3.5, and 2.3 H denote the Hind111 fragments that were subcloned into pBR322; likewise, the areas marked 3.4 and 3.9 S denote the MI fragments subcloned into pBR322. a and b are D. heteroneura clones; c, e, and fare D. silvestris clones. d, The regions marked with 3.5, 2.3, and 3.9 are those that hybridize with the D. heteroneuru subclones pH3.5H, pH2.3H, and pH3.9S, respectively. g, h, and i are D. planitibia clones; j, k, and 1 are D. d@rens clones; and m and n are D. picticornis clones. The regions marked with 2.5 and 3.5 below n are those that hybridize with the D. heteroneuru subclones. Sites of polymorphic deletions (within a species) are marked by A. The sites for the restriction enzymes are as follows: E = EcoRI; S = &!I; H = HindIII; and P = PstI. The scale marker starts at the 5' side of the 1.6-kb EcoRI fragment containing the Adh gene.
the plasmid pBR322 and the restriction sites were mapped relative to the known sites of pBR322.
Restriction mapping of genomic DNA was done by digestion of the genomic DNA by using the same four enzymes in the buffers recommended by the suppliers (Bethesda Research Laboratories, New England Biolabs, or Miles Laboratories). The amount of enzyme used was 0.5-10 units/ pg for 15-20 h. Aliquots were removed and mixed with bacteriophage h c1857S7 to monitor the completeness of the digestion. The digested DNA was fractionated by electrophoresis on agarose gels and transferred Alcohol Dehydrogenase Divergence in Hawaiian Drosophila 4 19 to nitrocellulose filters (Schleicher and Schuell) (Southern 1975) for hybridization with the nick-translated probes (Maniatis et al. 1978 ) . When the DNA was digested with more than one enzyme, the DNA was phenol extracted and ethanol precipitated prior to the next digestion.
Four plasmid subclones from D. heteroneura were used as the 32P-labeled probes. These were the Hind111 fragments 2.1,2.5, and 2.3 and the SaZI fragment 3.4, as shown in figure 1. The plasmid subclones are identified as pH2. lH, pH2.5H, pH2.3H, and pH3.4S, respectively, as given in the foregoing description of the subcloning procedure. For the PstI digests plasmids pH2.5H and pH3.4S only were used. The plasmid subclones pH3.5H and pH3.9S could not be used to construct restriction maps since they hybridized with multiple fragments (Hunt et al. 1984) . For some of the digests the h molecular recombinant shown in fig. lb (Adh 2) was used as the labeled probe to confirm restriction sites and to extend the map to the left.
Results
Isolation of the Adh Gene from Drosophila heteroneura
Two overlapping cloned DNA fragments were isolated from the D. heteroneura genomic library by using the D. melanogaster Adh gene as a probe ( fig. 1 ). The 5.5-kb overlapping region contains a 1.6-kb EcoRI fragment that is the only fragment from the two clones that hybridizes with the D. mezanogaster Adh probe. This indicates that the 1.6-kb region contains the Adh gene. Similar results are found in D. a,ttinidisjuncta, another species of Hawaiian Drosophila in which a 1.6-kb EcoRI fragment hybridizes with the D. melanogaster Adh gene probe (Brennan et al. 1984) . Preliminary DNA sequence data (Hunt et al., accepted) confirm both the orientation and the homology of the D. heteroneura subclones with the Adh gene of D. melanogaster. In situ hybridization of 3H-labeled cRNA from plasmid pH2.5H with polytene chromosomes from the five Hawaiian species shows a single location at the centromeric end of chromosome 3, as reported by Brennan et al. ( 1984) .
Comparison of the Adh Region from the Five Hawaiian Drosophila Species
A. Restriction Mapping of the Adh Region, Based on Total Nuclear DNA
Genomic restriction-enzyme maps were constructed using four different hexanucleotide-specific restriction enzymes (six other enzymes were shown to produce either no cuts or only single cuts in the Adh region of D. heteroneura). In most cases double digests were also performed to confirm the restriction maps. The blots were hybridized with plasmid probes pH2. lH, pH2.3H, pH2.5H, and pH3.4S from D. heteroneura as well as with the bacteriophage Adh 2 molecular recombinant ( fig. 1 b) .
An autoradiogram of a blot of various digests of the five species probed by pH2.1 H is shown in figure 2. The restriction maps derived from this and other blots, as well as the location of the probes used to obtain the maps, are shown in figure 3. There is a gap in the coverage of the region +2.5 kb to +3.5 kb, which is due to the repetitive DNA in this region in D. heteroneura. The criteria used to construct the maps shown in figure 3 were as follows: The position of each site (with the exception of the terminal sites on the left of the map) was confirmed by use of overlapping or contiguous probes. For those sites that extend beyond the probes in the regions -5 kb to -10 kb and +3 kb to +9 kb of the map, only those sites that generate a fragment that overlaps the probe were determined. Therefore, sites mapped in the bacteriophage h molecular different restriction enzymes, both of which had to show the same size of deletion. A deletion found in D. picticornis in the region -1.5 kb to -1 .O kb of figure 3 and that meets the criteria for a deletion is marked with a solid triangle in the figure. Deletions in the region +3 kb to +6 kb in figure 3 in the species D. silvestris, D. planitibia, and D. dzfirens are found in the EcoRI fragment, which hybridizes to both pH2.3H and pH3.4S. These are confirmed by the presence of SaZI fragments that are smaller than the 3.9-kb fragment found in the region of repetitive DNA in D. heteroneura and that hybridize to the pH2.3H probe, but it is not possible to characterize them further by genomic blotting using an overlapping probe.
B. Restriction Mapping of Cloned Adh DNA
The Adh molecular recombinants from D. silvestris, D. planitibia, D. d@rens, and D. picticornis were all isolated from DNA libraries in bacteriophage h charon 4 derived from partial EcoRI digests using labeled pH2.5H as the hybridization probe.
The restriction maps of the bacteriophage h molecular recombinants from the fig. 1 e, 1 f), D. planitibia (fig. lg-li) , and D. picticornis ( fig. 1 m, 1 n) fig. lm, In) , and these regions are marked by solid triangles. In all cases the deletions were confirmed by running the digests side by side and using double digestions to accentuate the differences.
Larger deletions are evident in all of the species when compared with D. heteroneura in the region +3 kb to +6 kb in figure 1 . These deletions are best demonstrated by the hybridization of the subclones pH3SH, pH2.3H, and pH3.9S with the D. silvestris bacteriophage molecular recombinant shown in figure lc. The position of hybridization is shown in figure 1 d and indicates that there has been a shift of -1.5 kb to the left. In the D. picticornis digests the hybridization with probe pH2.3H is shifted -1 kb to the left as shown below figure In.
Of the three polymorphic sites found in the D. planitibia molecular recombinants ( fig. lg, 1 i) , only two are confirmed by the criteria used for determination of polymorphism in genomic blotting ( fig. 3) . The genomic blots of D. planitibia with the probe pH3.4S showed faint hybridization with the 1.6-and l.O-kb fragments that would be expected if the polymorphic Hind111 sites at + 1.5 kb and +2.5 kb were present. However, only the polymorphism at + 1.5 kb could be confirmed by hybridization with probe pH2SH. Confirmation of the polymorphism at +2.5 kb requires hybridization with the probe pH3SH, the use of which is not possible owing to the repetitive nature of this probe. In the same way the polymorphic SaZI site found in D. picticornis at +6.5 kb ( fig. 1 n) is outside the area of hybridization of probe pH2.3H; and probe pH3.9S, which overlaps this area, is repetitive, making the unambiguous detection of the polymorphism impossible in the genomic blots.
For the polymorphic deletions found in the D. silvestris and D. picticornis molecular recombinants, the evidence for their presence in the genomic DNA is not as good. All of the sites except those at +4 kb in D. silvestris ( fig. 1 f) and the site at +3 kb in D. picticornis ( fig. lm) are outside the region that can be probed by the nonrepetitive plasmid clones. In the case of the D. picticornis +3 kb site, which is in a fragment generated by HindIII, there are many Hind111 fragments of similar size in this region, a circumstance that would mask the polymorphism. In the case of the D. silvestris +4 kb deletion, two fragments, with sizes of 2.7 and 2.9 kb, hybridize to the probe pH2.3H in the SaZI genomic DNA digest, as predicted by the polymorphic fragments in the molecular recombinants. However, the polymorphism cannot be confirmed by use of an overlapping probe because of the repetitive nature of the pH3SH and pH3.9S probes.
Since all of the polymorphisms found in the molecular recombinants that can be determined unambiguously are found in the genomic blots, we conclude that they are not artifacts of cloning.
Evolutionary Distance Measurement
We use two methods for measuring DNA divergences (evolutionary distances) on the basis of restriction-site data. The first is the method of Nei and Li (1979; eq. 8) and the second that of Engels ( 198 1; eq. 8) . In both cases a variance can be calculated to determine the accuracy of the measurement. There are differences in the way that the variance is calculated (Engels 198 1) , but in practice the error measures are similar, as are the distance estimates. The distance estimates for the five species are shown in 
f 0.005
NOTE.-The SE in A was calculated according to the method of Nei and Tajima (1985) . The p values were calculated from the genomic DNA restriction maps ( fig. 3) .
in an isoline, polymorphic sites within the species have been treated as 5'2 sites for the between-species comparisons (Barrie et al. 198 1) . For the within-species comparisons the sites were counted as present or absent for determination of distances, and equation (25) of Nei and Li (1979) was used to calculate net interspecific distances between the species, thereby removing the effect of within-species polymorphism. The net differences are shown in table 2.
Discussion
Evolutionary Distance Measurements
The dendrograms derived from the restriction-enzyme differences by using the unweighted-pair-group method of analysis (UPGMA; Sneath and Sokal 1973)) which are shown in figure 4 , agree with the tree we have previously proposed using DNA melting-point data (Hunt and Carson 1983 ). If we assume that there is 1 degree C (table 1) and (B) net P values corrected for within-species polymorphism (table 2). The abbreviations for the species are the same as in fig. 1 . change/ 1% mismatch in DNA (Hunt et al. 198 l) , this allows a direct comparison of the two measures of distance. The ratio of restriction-map distance to DNA meltingtemperature change is close to two in most instances. More recent comparisons of the change of melting temperature from hybridization of different Drosophila species' mitochondrial DNA in which the DNA sequence is known increases the conversion factor from 1% to 1.5%-2% mismatch for each 1 degree C change in DNA melting temperature (Powell et al. 1986 ). This is closer to the estimate predicted by restriction mapping. If we use the restriction-enzyme distances corrected for within-species polymorphism, the ratio is much lower for the shorter distances, much as was found for comparison of the DNA melting temperature with protein distances that are corrected for within-species polymorphism in a similar way (Hunt and Carson 1983 ) . The DNA melting-temperature distance measures should be self-correcting for within-species polymorphism (Hunt et al. 198 I) , provided that the DNA is isolated from many distinct individuals. However, the DNA used in the DNA hybridization studies was isolated from the same isofemale lines used in the present study and therefore may only represent a few founding individuals, and the correction may not be complete.
There are two major nodes found in these data. The first is between D. picticornis and all of the other species. The mean uncorrected distances are 0.044 + 0.003 (p) and 0.052 f 0.004 (6). The second node is between the two species pairs D. heteronew-a/D. silvestris and D. planitibia/D. dlfirens, in which the mean distances are 0.021 + 0.002 (p) and 0.023 + 0.002 (6). These mean values are double the values found by DNA hybridization (2.1% and 1 . 1%, respectively; Hunt et al. 198 1; Hunt and Carson 1983) . Carson (1976) and Carson and Yoon (1982) have proposed that, in the planitibia subgroup of the picture-wing group, the colonization of the newly emerging volcanoes is the cause of speciation. In this case we can put limits to the divergence as follows: The first divergence when the five subgroups of the picturewinged Hawaiian Drosophila were formed occurred on Kauai (i.e., ~4.4-5.1 Myr before the present Mybp). Evidence from the mitochondrial DNA phylogeny of indicates that the divergence of these four species occurred some time after the formation of Molokai, and therefore the time of the second node could be that of the formation of west Maui (I 1.3 Mybp). This is also consistent with chromosomeinversion phylogenies, since these four species have gained the Xt inversion, which is not found in other, more ancestral species on Maui (Carson and Yoon 1982) . The divergence between D. heteroneura and D. silvestris is assumed to have occurred at the formation of Hawaii (~0.4 Mybp).
The distance between the species groups is plotted against their estimated divergence times in figure 5 . The regression line through these points gives a rate of divergence (d/t) of 0.0 12 substitutions/site/Myr.
It is also possible to consider that the two major nodes occur at the formation of Kauai and Molokai, in which case the rate of change would be 0.008 substitutions/site / Myr. The rate of nucleotide substitution (h) is defined by the equation 2ht = d. Conversion of the divergence rate to h gives a rate of nucleotide change of 0.004-0.006 substitutions / site / Myr, which is essentially the same as that calculated for synonymous substitutions in mammals by Hayashida and Miyata ( 1983) and Li et al. (1985) and indicates that the rate of nucleotide change in the Hawaiian Drosophila is at least equal to that of mammals even though their generation time (4-6 mo) is less than that of most mammals. 
0.048
Comparisons of Restriction Maps of the Adh Locus
The restriction map of the Adh locus can be compared with the map of the Adh region of D. atffinidisjuncta, which is a member of the grimshawi group of the Hawaiian picture-wing Drosophila (Brennan et al. 1984) .
The bacteriophage molecular recombinants from D. heteroneura have the largest overlap with those from D. afinidisjuncta. A comparison of the restriction maps from these species by using the same region shown in figure 3 as surrounding the Adh gene gives the distances as 6 (Nei and Li 1979) = 0.076 -t 0.024 and p (Engels 1981 afinidisjuncta and D. heteroneura should be directly comparable with the distances obtained by genomic blotting, except that only a subset of restriction enzymes was used. This distance is not significantly different from the distances found between D. picticornis and the other four species (table 1) and shows the degree of similarity expected from chromosomal comparisons of the two species subgroups (Carson and Yoon 1982) . The time of the divergence of D. afinidisjuncta from the planitibia group species is estimated at 3.6 or 4.3 Mybp by using the rates calculated from within the planitibia group, placing the time of divergence as just before that of the planitibia group.
Comparison with Distances from Mitochondrial DNA A gene tree has been constructed for the four species-D. heteroneura, D. silvestris, D. planitibia, and D. d@rens-by using mitochondrial DNA restriction mapping (DeSalle and Giddings 1986). The distances calculated according to the method of Ewens et al. ( 198 1) are essentially the same as those calculated using Engels's (198 1) method. These distances are shown in table 3 but are not corrected for within-species polymorphism. The tree favored by is essentially the same as tree II of figure 6, except that D. nigribasis instead of D. picticornis is used to root it. This tree differs from the UPGMA trees for the protein-polymorphism, DNA-hybridization ( Hunt and Carson 1983 ) , and restriction-enzyme distances from the Adh region by placing D. planitibia in the same branch as D. heteroneura and D. silvestris. However, there are not sufficient data presently available to distinguish between these two trees. 
Comparison of DNA and Protein Distances from Other Drosophilids
Several other studies have been made in which protein and nuclear DNA distances have been measured. These distances are shown in table 4. In general the Adh restriction-site rates of change are approximately double those measured by DNA hybridization when the previously accepted conversion of 1% / 1 degree C is used, and the rates calculated from DNA sequences of the Adh gene are very similar to the rates calculated from restriction mapping, even though the DNA sequence rates were not corrected for synonymous and nonsynonymous changes. Estimates of time of divergence by using the mammalian intron and synonymous codon rates (Stephens and Nei 1985) are 0.9-l .5 Mybp for D. mauritiana and D. simulans and 2.0-3.5 Mybp for the divergence of D. melanogaster from this pair. Other estimates of the latter divergence are in the range 2.7-4.7 Mybp (Bodmer and Ashburner 1984; Cohn et al. 1984) . Easteal and Oakeshott ( 198 5 ) , using published data from Bodmer and Ashburner ( 1984) and Cohn et al. ( 1984) ) divided the Adh gene region into smaller regions that showed heterogeneity in the rates of nucleotide change. They estimated the time of divergence of D. melanogaster and D. simulans as 6.6-9.4 Mybp. It is difficult to see how such diverse estimates can be obtained from essentially the same data set, since both Stevens and and Easteal and Oakeshott ( 1985) used a synonymousrate-change standard of 5 X 10 -' substitutions/site/year calculated from mammalian sequence data. Two differences are apparent: (1) Stephens and Nei (1985) corrected their distances for polymorphism, which would lower distances, and (2) Easteal and Oakeshott subdivided the regions used for comparison and ignored the regions with (Nei 1975) .
b Values of change of melting temperature are given in degrees C. A nucleotide change of 1% is taken to give a change of melting temperature of 1 degree C (see Hunt et al. (198 1) ; but more recent evidence suggests that the value may be IS%-2%/degree C [Powell et al. 19861) .
' Restriction-mapping and DNA sequence distances in fraction of nucleotides changed. d Distances are Nei's D recalculated from the data of Johnson et al. (1975) (Hunt and Carson 1983) . ' From Hunt and Carson (1983) . 'Present paper. * From Gonzalez et al. (1982) . h Restriction mapping around the Adh locus by Langley et al. (198 1) .
i Restriction mapping outside the HSP 70 locus by Leigh-Brown and Ish-Horowitz (198 1). j Adh gene sequences from Rodmer and Ashburner ( 1984) . ' From Zweibel et al. (1982) . The second value is for hybridization with a DNA fragment from around the Adh locus.
' Adh gene sequences from Cohn et al. (1984) .
a lower rate of change. They also used aligned sequences from introns, in which deletions and insertions would exaggerate the rate of nucleotide substitutions. The rates of change that we calculate using both dating from the island of origin and protein-polymorphism, DNA-hybridization, or restriction-mapping distances are all in favor of a divergence time of 3-5 Mybp for D. melanogaster and D. simulans. This estimate only requires the assumption that different Drosophila species had the same rate of nucleotide change over the past 5 Myr.
Conclusions
The data we have obtained from restriction mapping of the 15 kb of DNA around the Adh region is in good agreement with our previous measurements, which used total single-copy DNA, especially if a conversion factor of 1.5%-2.0%/l degree C (Powell et al. 1986 ) is used. Since the Adh gene occupies less than one-tenth of this region, it may well be that the region chosen here is typical of the total DNA of the genome, with only a small amount of the DNA subject to the greater degree of selection found in protein-coding regions.
The presence of small deletions and insertions in the DNA is notable in that their presence may confuse the restriction mapping. There is also evidence from the restriction mapping that the 3' side of the Adh region may be subject to greater variability than the rest of the region surveyed. This is shown by the difficulty of aligning restriction sites from D. picticornis with those of the other species in this region, even though ( 1) the species diverged <5 Mybp and ( 2) cross-hybridizing sequences are found in this region. It is entirely possible that the changes are due to insertions and Alcohol Dehydrogenase Divergence in Hawaiian Drosophila 429 deletions of DNA in this region, since this is the site of a repetitive element in D. heteroneura and since small deletions and insertions are found in this region in D.
silvestris.
The DNA sequences in the Hawaiian Drosophila, which are presumably mostly from noncoding regions of DNA, have an estimated rate of change which is very similar to the rate of change of synonymous codons in mammals. This would indicate that the underlying rate of change of nuclear DNA in Hawaiian Drosophila is not high, even though the amount and rate of speciation is. We are presently sequencing the Adh region of these five species and expect to be able to measure the rate of synonymous nucleotide changes as well as the number and size of the DNA deletions and insertions that have been predicted in the present study.
